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Results are presented of en experimental investígation of impact- 
pressure and total-tenperawre interpretation at a nominal ..cch mmbver 
of 5,6. Ше data indicate that ise Rayleigh equation, w.ich assumes 
non-viscous flow, requires correction at low free=stzem Reynolds nm- 
bers. Tiese viscous effects are detecicd ev Reynolds numbers (based on 
inpact-==-probe diamcter) as hich as 6000, and they continue to increase 
with decreasin; Rejnolds nunbers,. At the low pressure linit of the 
facilities used in this investigation, the maximum viscous correction 
is 2.5 per cent for a Reynolds mmber of 425. 

The calibration curves for the recovery factor of a total-tem- 
perature probe are given, plus an analysis of suitable paraneters with 
which to present this information, For the linited range of total- 
temperatures of 200°F to 260°F, and a nominal Nach number of 5.6, 
single calibration curves are shown using either the free-=stieam Reynolds 
number, or the Nusselt number of the flow inside the probe (based on 


thermocouple wire diameter) as parameters. 
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d Ak OD ns 


sneed of sound, ft./sec, 

ахоа, 54. 1%. 

area of a sonic Флгоађ, ва. ft. 

specific heat at constant pressure, Btu/(1b.)(deg.F) 
probe, outside dianeter, incites 

probe inside diaueter, іпспез 

leat transfer coefficient, Btu/(saq. ft.) (deg. F)(sec.) 
cnaracteristic outeide dimension for flattened probes, inches 
constant conversion factor = 778 ft. 1b./Btu 
thermal conductivity, Biu/(ft.) (deg. F)(sec.) 

mean molecular free path length, inches 

Mach number, uf a, Cimensionless 

Hach nunber inside temperature probe = constant 
Nusselt number, hd/i:, dimensionless 

defined by Nu k,/ Yt, ky, dinensionless 

pressure, lbe./5q. in, 

Pra.dtl number, u o/s dinensionless 

heat flux, Dtu/sece 

tanperature recovery factor, dinensionless 

gas constant for sir 8 1715 54, ft. / (soc. ?) (дер. Е) 
Reynolds number, pud/a p dimensionless 

Reynolds mmber evaluated at total temperature 
absolute tenperature, dege R 


local velocity, ft./sec. | 


















а! 


mean molecular velocity, ft./scce 


x variable length, Me 

x ratio of spocific heats, Cp/ Cys dimensionless 
А a length of themocouple wire, inches 

АА absolute viscosity, lbe эес./ва. [t 

e mass density, lb, sec, */ t, 
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refers to (as conditions 





( је stagnation or reservoir conditions 


pertaining; to the thermocouple wire 








conditions after nomial shock, for an inviscid fluid 
conditions as read ty impactepressure probe. 








1, IMPRODUC ДОН 


Perfomance investigations of longerenjyo missiles and rockets 
inevitably lead to the conclusion that hypersmic Mach nuabers are 
required for efficient operation. This caclusion quite naturally 
directs attention to the conplex aerodynariic problems associated with 
hypersonic flight in the upper atmosphere. To obtain basic acrodmanic 
information on bodies moving in this new regine, where the molecular 
mean free path lengths are appreciable compared with the characteristic 
body dimension, the hypersonic wind tunnel is an important tool, For 
purposes of identification, Ifach mmbors of 5 and above are considered, 
in this report, as comprising the "hypersonic" velocity range. 

The problems involved in the accurate determination of local 
fluid stream properties, such as Mach number and Reynolds number, are 
much more difficult in a hypersonic wind tumel than in supersonic or 
subsonic facilities of higher density. This difficulty stom prinarily 
fron the larger viscous effecti encountered in the hypersonic wind tumel. 
It is the purpose of this experimental investigation to calibmte md 
interpret impact~pressure and total-temperature measurenents in a 
- hypersonic air strean, 

Impactepressure interpretation in supersonic and subsonic flows 
of low density has been the subject of several theorrtical and experi- 
mental investigations (Refs, 1 to 8). It scens desirmble to deteniine 
to what extent the besic results of these previous investigations are 
applicable at higher Mach numbers. 


When considering supersonic continuum flow of a compressible, 


non-visoous fluid, the familiar Rayleigh formula (Cf. Ref. 9) is сор» 
vontionally used to relate the observed impact pressure to the free 
stream static pressure and Hach number. However, as viscous forces 
became appreciable compared with inertia forces, the Rayleigh fomula 
becomes increasingly inaccurate, theoretical viscous corrections have 
been applied to the Rayleigh equation in Refs. 4 and 5 for selected 
impact=probe geonetries, 

The general field of rarefied гав dynamics, in which the analyses 
of contimam flow are no longer valid, is discussed by Tsien in Ref. 10. 
It is indicated in this reference that the rutio of the nean molecular 
free path length to a characteristic dimension of a body immersed іл а 
fluid strean is a significant parameter for estimating the пал мае 
of the low-donsit effect. It is furthor established that ihis ratio, 
£/d, is proportional to the Mach number divided by the ууцаа number, 
However, the magnitude of the ratio L/d for which the methode of 
continuum flow mechanics are inadequate is not well defined, From 
experimental data obtained by Kane and Maslach (Ref. 2), it appears 
that conventional gas dynamics theory requires corrections for values 
of £/a creater than aboit 0.015. 

When the molecular nean freo path becomes large with respect to 
the body dimensions, a free molecular flow exists, This regime of 
fluid mechanics is characterized by Tsien as having valves of £ /a 
which are greater tian 10 (Ref. 10). In this case, the molecules in the 
free stream can hit the body surface at full speed and be re-enitted 
without direct interference from other molecules, In fact, collisions 


of a molecule with tho body are more frequent than collisions with 





other molecules, Shock waves are no lo y er recopmizable as suen in a 
free molecular flow, and the kinetic theory of gases must be used to 
predict immact pressures. 

Ixperinental investigations of impact pressure have been made 
in the Mach number range of 1.7 to 460, apparently in the transition 
голой between continuum and free nolecular flow, but near the estimated 
continuum Linit (Refs. l and 2). Results of these investigations 
indicate that at very low Reynolds nunbers the measured impact pressures 
are higher than those which would be computed from tho Rayleigh formula, 
In addition, Ref, 1 indicates a region et slightly higher Heynolds 
nunbers where the measured impact pressure is less than that predicted 
by the Rayleigh equation, 

The izpactepressure phase of the present investigation involves 
experinents designed to determine the behavior of inpactepressuro 
measuronents at higher Hach numbers for two different impact-probe 
geonetrics, Practical considerations linited tiis — to'a 
nominel Mach nu:ber of 5.6 and to a minimm Reynolds mmber of 425, 
based on impact-probe outside diancter and free stream cond. tions. 

Tre desicn and calibration of total-tanperature probes for use 
in hyersonic air streams have bem considered in Ref. 11. Sinilar 
investigations of total-tenperature probes have been conducted for sub= 
sonic and supersonic velocities (Cf. Refs, 12 and 13). 

The design of a total-temperature probe involves a considerable 
enount of theoretical study end experimental investigation. The proper 
selection of materials and dinensiors for the construction of a total- 


temperature probe is largely a qualitative process. Hather extensive 


design and calibration studies of Lotal-tenperatum probes at hyporsonic 
velocities nave been conducted by Es Winkler of the Naval Ordne ce 
Laboratory. 

е орї: caliuration curve for displaying total-temerature 
data is one which would be valid for all flow conditions. It is not 
obvious, however, wnat “lua flow pareneter will yield such am optimua 
calibration curve, Ihe conventional paraneters, Mach mmber and 
Reynolds number, have bem used with reasonable success at subsonic and 
sunersoniic velocities, but in the hypersonic rance vse of one of these 
parameters as the variable will, as a general rule, yield fonilies of 
calibration curvos for constant values of the other parameter, 

A parameter involving the Nusselt nunber of tio flow inside the 
probe (based on themocouple wire dismeter) and the ratio of gas 
їһе хло] conductivity to mean thermal conductivity of theo thermocouple 
wires has been considered in Ref, 11, The temperature reoovery factor 
for a given probe was plotted versus this parameter, and a single cali- 
bration curve was obtained which was valid for a considerable ranpe of 
Mach nunbers, Reynolds numbers, æd stagnation temperatures, In 
justification of this paraneter, an elementary heat balance analysis 
for a bare themocouple wire was conducted during the present investi- 
gation and is included as Appendix A, 

The scope of the temperature phase of this investigation did not 
include the design of a now total=termorature probe, instead, it was 
detemäined to construct a terperature probe based on successful alsitng 
designs and tien to calibrate this probe at a nominal Mach number of 


5.6, over a range of free strori Reynolds nınbers, wo total-teuperuture 


and the one yielding the highest recowr; factor wos callibrated for use 
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I BQUIPONT AID P.OCEDURE 


As Wind Tumel Description 


The GALCIT 5 x 5 inch Hypersonic Wind Tunnel (Leg Мо, 1) was 
used for these tests. It is of the continuously-opereting, closed-return 
type and is operated Wy a compressor plant consisting of sixteon com- 
pressors driven by seven electric motors, The thirteen compressors in 
the first five compression stages are Fuller rotary compressors, while 
the final two stages consist of three reciprocating compressors. A 
systen of valves and interconnecting piping pemits the selectim of a 
wide variety cf plant conpression ratios and mass flows, These valves, 
as well as the compressors, are operated remotely from a master control 
panel (Cf. Fig. 1). A schematic diagran of the wind tumel installation 
is shown in Fig. 2. 

The Leg Мо, l test section with fixed nozzle blocks designed for a 
nominal Mach number of 6 was used for фе tests, The nozzle blocks 
were designed by the Foolsch analytical nethod with correction applicd 
for the estimated boundary layer crowth, Static orifices were provided 
at one-inch intervals in both nozzle blocks to pemit a check to be 
made with the orlrinal nozsle calibration. 

The Leg No. 1 air heating system employs superheated stean in a 
multiple pass heat — end із capable of producing а пахігтша 
stagnation temperature of about 300°F at a reservoir pressure of 94 psia, 
and 230°F at atmospheric reservoir pressure. 

The water content іп the air was kept well telow 100 parts per 


million (by weight) by passing it through a tank containing approxi- 





mately 2000 pounds of silica ¿ole Cil ис5 го оуөй by Cyclone scparato б 
after each compression stage and, in addition, by finely-divided activated 
carvon Canisters, porous carbon filter blocks, and a Mine Safety 


Appliances "UlLctren-Aire Space Filtex", 


Be Model Description 


la inpact-Pressure Probo Каке 


Six stainloss steel probes, of varying diameter, were mounted on 
a 2 inch x 2} inch stainless steel, wedge-shaped rake as shown in Fic. 3. 
he lead-in tubes, also of stainless steel, were completely enclosed 
wititin the wedge end ite 5/16 inch diameter support rod. With the use of 
the extemally-operated model control system in the tumel tost section, 
the rake could be moved vertically so as to bring each probe into the 
tunnel center line, 

Two probe-cnd geometries were used. The Type I probes were 
sharp-lipped and circulareended with outside dileneters varying fron 
0.016 inch to 0.25 inch, The Type II probes wore nade by flattening 
the ends of round tubes so that the ratio of outside height to outside 
width was one-third, Sizes of probesend outside heighta ranged from 
04018 inch to 0.109 inch, Figure shows a schematic sketch of these 


two probe gemnetries, 


2. Otornaztionezenperature Probes 


Two stagnationetesperaturo probes wero constructed, both essen- 
tially similar to the design given in Ref., 11 but differing fron each 
other in outside dianeter of the probe entrance and themocowple wire 





din ter. Bot. p.vles coiwsisied of a single platinum-coated quarts 
shield cemented to a stainless steel holder with a high=-tenpe zature 
ceramic cenents To replace continuously the air inside the probo, а 
Single vent hole was provided in the shiold aft of the thc mocouplo so 
that the vent=aroa to entrace-area ratio was approximately 1:5.  Experi- 
nentel data in Ref, ll indicates that this area ratio is an ор лил 
values Lron-constantan themocouples were cmented into a quartz support, 
which in tum was sealed into tho stainless steel holdere 

Probe A had an entrance outside diaxseter of 0.10 inch, ad В. and 
Se gage 30 (.01 inch diameter) thermocouple wire мав used) while the 
outside diameter of the entrance of Probe B was .063 inch, md 0.012 
inch diameter thermocouple wire was used. Fig. 5 gives a schematic 
skotch of these probes, and Fige 6 shows the probe support on which the 
probes were mounted for placement in the tunnel. It should be noted 
that this latter probe support also included an impact-=pressure probe and 
a statio-pressure probe, in addition to tie temperature probe, so that 
fiow conditions in the humel test section could be measured realily. 
kach probe could be positioned in turm on the tumel center line by 


means oí the nodol support control, 


3» Static=Pressure Probe 


The static-pressure probe was constructed of 0.003 inch outside 
diameter stainless stoel ti.bing with a solid 10 degree conical nose, 
Three static orifices spaced unifomly around the tube circumference 


were located 30 dianeters downstream from the nose, 





Ce isirujentation 


le Pressure lícasurenente 


но reservoir prescure was .vasurad with a “ate=-nery nitivyen- 
velanced gage and controlled within 2 0.04 psi hy a Minmespolis-..eywell- 
Brom circular chart cmtroller, All static and impact pressures were 
measured on a silicone fluid, vacum-reforeneal manometer (Tige 1). 
With tho latter, pressures could be easily read to the closest 0.1 cn 
and estinated to 0.01 ai of silicone. This estinate is арргох ла у 


equivalent io 0.07 microns of nercurye 


2. Temperature ‘leasurenents 


The tunnel stagnation texperature was measured by an iron=con~= 
stantan, 91392904 thermocouple located one inch upstream fran the nozzle 
throat and was recorded and controlled Wy 2 Minneapolis-iloneywell- 
Drom circular Giart controller to within 2020р, The teruocouples iu 
the stagnation-tenperature test probes were differentially comected 
with Use reservoir thermocouple to a Leeds and Northrup slide-wire 


potentioneter, as show schacatically in Fig. 7. 


De Test Procedure 


le ImactePressiiv 


Prior to the installation of the probe rake in the test section, 
an axial static pressure survey wes conducted on the tunnel conter line 
to locate a region of unifom pressure. A point 19.7 inches aft of the 


throat was selected, azd the inpecteprossure probe cucs were aligned 


= 
20 


асеомА уе Tm addition, a vortical totai-huad survey was ando at tais 
position with results as shown in Fig, б. 

Afto: the proto галд was installed and com ected to tie nanometer, 
each caviete synten маа сате? Ay lesk=checkode With the twarcl 
operating at a speciticd wonervolr condition, each of the six differente 
Sized prones on the rake was in twn placed at the test section center 
line, and itc pressure measured on the silicone manometer, ‘This 
positioning wes accomplished with the vertical-actuating, model control 
system, nich wos extemaliy opereted. In addition to comer — 
on the vertical supports, it was found desirable to use the schlieren 
systen and a fixed grid notwork placed on the glass port to check the 
center line positioning. The cycle was repeated until a dctemiLmtion 
of the coproducibility of veslts wos completed, 

Since it ws desired to obtain the lowest possible Reynolds 
namber (and consequently, the lowest oír density) in t.e test section, 
Ше stagnation conditions of minimum possible stagnation pressure (ро) 
Wit the corresponding neciam total tenm erature Ce? vere selected 
for we л. In additicn, several — 2% sli ty lower T's and 
higher р, 8 were sados 

The actual reservoir temperature and pressure combinations used 


were as 1011058: 





po(psia) Жаз) Renorks 
14.7 230 ane-phase flow 
15.7 221 oue=phase £low 
11.7 210 one-phase flow 


30.1 2,2 one=pi.ase flow 





22. 


A schlieren pict ro мәз Фәлеп of tie flow around tie bbe таке 
to determine if any shock wove interference existed Iron aie probe to 
another, Referring to lige 9, it is scen that the strongest shock wave, 
created by the laiyvest probe, does not intersect the adjaceit probe 


until it is mary diameters donstrean. 


2. Jotal-Temporaturo Runs 


The totaleteunperature orobe was mounted in wwe tunnel on a 
Support w:ich also included a totalepressure probe and a siatic-pressure 
probe as Snown іп Гір. 62 The latter two proves were camected to the 
manometer system and ties carefully leak-testeds ihe leads from the 
test tnermocouple were differentially comected with the reservoir themmo- 
couple to the potentiometer, Thus, the eemf,. read on the potentioncter 
was proportional to the temperature difference between Lo and tio. 
tenperature sensed by the test probe, 15!» 

For each calibration run, the reservoir tenperature was held 
fixed and the reservoir pressure varied tnroughout ite possible range. 
At eacn flow setting tie total pressure, static pressure, md Genel. 


were recorded, 





12 
LII,  RED'CTIUM /AD AWALYSIS OF DATA 


Ae Invact-=Presrure Correction Techniaue 





in order Ww ueteinine a Viscous correction, it 1s -uist necessary 
to find the value Wiich tae impoct pressum would have if tie flow were 
essentially inviscid. ‘his value could be dotermuinecd if? an imact 
probe were used wich was sufficiently large that the viscous effacts 
were no longer detectable. However, it was not inom intuitively 
whethor tne Reynolds nucber of the lamest probe on tie probe mie 
tested was large enough to be free of viscous effects, Conseq.arily, 
some additional analysis was necessary. 


A method of attack wich proved quite satisfactory in Ref, l was 
employed. ‘his technique consisted of plotting the measured impact 
pressures agei:st uc inverse of impact=probe diameters for tno six 
differost-sized nrobos tested and exüruübolating a curve turough ne 
resulting points to 1 /d = 0, The value of the pressure intercept at 
this point was considered to be taat corresponding to tne impact 
pressure in an inviscid fluid. 

Tais process of letting 1/d approach zero was considered equiva- 
lent to letting the Reynolds number approach infinity, all other factors 
in Re having been held constant. Typical plots of data involving this 


process are shown in Fige 10. 
Be _Dete mination of Flow Parameters 
1. Mach :ѓолрег 


With the measured Impact pressure, corrected for viscous effects 


as explained previously, plus the measured static pressure, the free 
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sima Mach number was cealculatad wie Rayleigh's well-knowm supersonic 
pitot tule erwetions In the instance where the static pressure was 
measured durin; a run subsequent to a series of impact-pressum rns, 
the reproducibility of flow conditions was Checked by means of a 
reference impact=pressure probe, 

The subsonic Mach number of tne flow within the total-te:mporature 
probes was calculated simply from the area ratio of the shield inside 
diameter to the vent, Since the pressure ratio at the vent, р/р! „is. 
well below the critical value, a sonic throat exists in the vent passage. 
Thus, for a given probe poometry, the Kach mmber of tse flow within 


the probe is essentially independent of free strean flow conditions. 


2. Reynolds Nunber 


The Reynolds number por inch based on undisturbed free strean 
conditions wes calculated for each flow sottinge The corresponding 
лса nunber for each impact probe based on the outside dianeter was 
then deteritined, ‘the measured free strean pressuxe, the stagnation 
temperature, and the corresponding value of the Nach nunber were used 
to compute the Reynolds number. | 

By definition we can write 


Re =a Qui , QMed (1) 
^^ АА 


The assumption of the perfect gas law gives О = p/RT, and the sonic 
velocity, а, is given by a Yr it. Substituting for p and a in 
Eq. (1) we obtain 


Re '= 1 À : (2) 





which roduces to 
Ре * 0.313 риа _ (3) 
№ У 


for 5 * l.l and R * 1715 ft. /soc.* OR, The units of p, d, u, and T 
are given in the list of symbols, 
By assuming adiabatic flow the free stroan temperature, T, was 


then obtained from the equation 





(4) 


A plot of this eqvation given in Ref. U; was used, 

The corresponding value for the viscosity of air was obtained 
fron a plot of the Keyes! oqvation for viscosity. Ref. 15 indicates 
that for air at very low temeratures Keyes! equation is more appro» 
priate than the fomiliar Southerland's equation for viscosity. Гог 


air, Keyes! equation becones 


^^ (sluga/ft. sec.) = 2.316 x 1,99 (5) 


y + 292 97 
At higher tenperatures (above 50098) the viscosity for air was obtained 
fron curves based on Southerland'!s equation given in Ref. 16. 

Thus, all the properties used to characterize the air strean 
have bem those of the undisturbed frve stream, It was also desired to 
obtain a set of reference properties based on conditions behind a nomal 
shock мате. The chango in properties of a free stream passing through 
a nomal shock wave was calculated by the use of curves of normal shock 


wave functions given in Ref. lh. 





de Miudsen Number 


The mean molecular free path lengths Tor the undisturbed free 
strean and for flow conditions after a nomial shock wave wero calculated, 
Рог each probe the corresponding Knudsen mmbers were detemined. Fron 
Kinetic theory, Chapman gives (Ref, 17) 


JA. 00199 p УХ (6) 


where V is the mean molecular speed and Ê is the mean molecular free 
path length, Results fron kietic theory also comoct Y with the 


velocity of sound, а, by 


у “f= a (7) 


where Х is the ratio of specific heats, Conbining Eqs. (6) and (7) 
yields 


= 0.199 M $ 

2 - at УФ (8) 
' Noting that j/pa *M d/Re and using Y=1el) for air, Fqe (8) becomes 

Х = 149 (м/ве) а (9) 


The Knudsen number is now expressed as a function of Reynolds number 


and Mach munbers 


XK fa = 1019 (M/Re) | (10) 








Nusselt liunber ‘ 








The ¿lusselt number considered here involves the rate of hoat 
transfer between the air flow and the tiernocouple wire, It is defined 
in general by 





where h = heat transfer coeffioient 





Ky ә gas themal conductivity 
de e thermocouple wire diameter 


Moreover, for flow in which heat transfer is taking place wo nay write 


iu = £4 (M, Ro, Pr) 


where Pr is the Prandtl number for air and may be considered as wnai ni 
constant, Now, if we detemine the Reynolds nuiber, Re", based on an 
evaluation of gas density and viscosity at ‘otal temperature rather 

than al static terperature, then 





Ro" = g(Re, M) 





Ша = (Не) 


In Ref, 18, a seni-enpiricol equation has been determined for 








this relation, nanely, 
Nu = 0,532 уђе“ 


With this equation the Nusselt number of the flow inside the totale 





tenperaisre probe (based on thermocouple wire diameter) is easily cal- 


culated from measured quantities as follows: 


Ro” єз Ро. Үр Ф. sa 0.343 Po" Mp Gy Уг Po! - dy ys 
Mo lo Po 


AT. 0.343 ро! Ир Чи 
УТ, My (1 + 0,2 11,593 (16) 


whore 
Dg! = impact pressure in lis./in.? 
до * £(T,) = gas Viscosity in Lhe. /fte ane. 
d, © themocouple wire diameter in inc. cs 
х = Mach number inside probe 


For the given probe geometries considered, there existe the 
problem of determining tho proper area ratio to use in calculating ip. 
However, considering the entrance area, ипегс ¿o is even greater than it 


is at the themocouple wire, we find 
МА" . 8 , и, = 0.127 
thus, the variation of the denominator of Eqe (16) with М, ip negligible, 
and wo can write 
+ 


Вә _ 0.343 dy Po' а 
5 ЖА, = 


where the indefiniteness of calculating the constant Ир is elininated 


by including it with the parameter Ве“, 





son cX "царила. results in Ref, 11 and an analysis of heat 
truwfer balance in the themocouple wire contained in Appendix A, it 
appears that tho paraneter № =," is significant for tiie investigation 
of the terperature recovery factor, Acconlincly, a parameter Nu” is 
defined 
па = (18) 
Ур ш 


Using Eqs, (15) and (17), t.ıis may be written 


4 
ни” = 04252 dy Do! ky (19) 
2. 
lo. "e қ, 
For the tiemocouple, lc, is a constant and may be considered as tue 
mean of the two values for iron and constantan. However, ke varios with 
the changing conditions of the gas, In Ref, 18, a suggested fonmla 


for calculating Ie. 38 
k, = 3.03 х 1078 1019 (20) 


Thus, for a given probe geometry, Hu" ig dependent only on the local 
| + 
reservoir conditions; and for wiy given ran at a constant То, № is a 


function only of impact pressure, p,'. 


С. Temperature Recovery Factor Detemination 


in order to calibrate a totaletemoerature probe for future 
application, some measure of its ability to convert all of the kinetic 


energy of an air strean into heat ener y must be obtained, For this 














purpose n terniniur "recover, factor" is comonly defined að 


- 
- 


Lh d E 


1 


г а 


H 









where Ж ig the temperitue seusod by the probes 


Since it was desired to noasure as accurately as possible the 





anall difference between T¿ and То*, the probe thermocouple was ditf m 





entially connected with the reservoir thermocouple, as show in зал 
In this mmer, the Genef. read on the potentioneter was proportional 
to the difference, Ty - T,¿'o Using tie themocouplo tenperature= 





millivolt equivalent, the vaipercture difforence was converted to 
degrees Fehrenheit, 

With the recording of reservoir temerature, Ty, and subsequen! 
calculation of the stream tenperature, T, using the adiabatic energy 
equation, ail infomation for detemining recovery factor was avuilal Те : 








a’, EXI TRAMENTAL «SUL ES АЙ) DISCTISION 
A, Impaci-Pressure Measurenants 
1. Селега1 16954138 


Two types of probes, as shown in Fig, lj, were tested at a 
nominal Mach number of 5,6. Ме completo range of free stream conditions 
used are summarized a9 follows: 


М = 5.3 to 5,6 
Re = 125 to 8000 
2 ја = 0.001 to 0.018 


where tho Reynolds nunbers are based on tho outside diameter of the proves. 

the primary results of imactepressure neasuremente for Type I 
probes are presented in Figs. 11 to 14, while similar presentations for 
Type II probes are contained in Figs. 15 and 16, There are two curves 
for each probe, based on two different free stream parameters, cach 
showing the ratio of measured impact pressures to the ideal non-viscous 
impact pressure, In addition, two curves are presented for Type I 
probes based on flow conditions behind a normal shocks. These resuiis 
show that the Rayleign supersonic pitot tue eration requires 
correction for viscous effects wien the Reynolds number of the widise 
turbed free stream becomes less then about 6000. It should be noted, 
however, that these specific corrections apply to particular type probes 
and a restricted Haclı nwiber range, 


The naxinwa deviation of the measured impact pressure fron tne 
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ideal impact pressure was 2.5 рег celte ‘his maxtinm deviation was 
obtained at tho lowest Reynolds mmber attainable with the experiuental 
equipment used, and it anpe2zrs from the shapo of the curves in question 
that this deviatio: would become lerser with decreasing, “eymolds глифег. 
All of the deviations of tie measured impact pressures fran tiie ideal, 


noneviscous, impact pressure were negative (1.0.) po"/p," < 1). 


2, Choice of Paraneters Used to Present the Data 


The variations of the measured impact pressure fron that pre 
dicted by the Rayleigh equation are apparently due to viscous forces. 
Consequently, it would soem that an appropriate paraneter for presenting 
the impact-pressure ratios would be Neynolds number, based on oltiier flow 
conditions chead of or behind a normel shoc, If the :eynolds nwaber 
based on the widisturbved flow is chosen as the para — Lu would be 
expected that the curves of impact-pressure ratio versus Reynolds nunber 
would not be independent of Mach number, 

Another parameter which is a significant neasure of tie effects 
of viscous forces associated with low densities is tie Knudsen number, 
or L/ad~M/Re. It is not known, however, io what extent this parameter 
would yield a pressure deviation curve tiat is indepement of Mach 
number, Unfortunately, practical considerations circimvented the original 
intention to include a considerably higher Mach nuber range in this 
investigationes 

Presentations of the data versus narmieters, based on stream 
conditions behind a normal shock, are included to permút comarison with 


results for impact pressure corrections in subsonic flows. 





5.85 alison will Provious ээг 1 Investigations and Zheory 
чыларны TEE RETTET ra о EE зоба 


) ә хэ ь е 
Dorm. en ne ae -- 


The present investigation was concucted at a considerably higher 
Mach number tuan ay known previous work. ‘lence, it is only possivle 
to compare tie results qualitatively. Pez>aps the most significant 
difference in results obtained in this investigation as compared with 
previous investigations at lower iach nwribers is the detection of viscous 
effects at mech higher Reynolds numbers. For instance, the results of 
Ref, l for а nominal Mach mmber of 2,5 do not indicate viscous effects 
in the impact ¡prressuze witil tho Poynoldo nuiber has decreased to about 
200, while the present results at a nominal Mach munber of 5.6 show 
viscous effects at Reynolds numbers as high as 6000. 

For a probe similar to Type І, the results of iof, l show a 
negative pressure variation (that is, with Vie measured impact огозвигев 
less than Ur ideal value) in the Remolds nunber range fron 30 to 
209 and a positivo pressure variation at Reynolds numbers below 30. The 
results of the present investigation are qualitatively in agreonent with 
those in Ref, 1l, since it is entizely possible that o curves in Pigs. 
11 and 15, for exanple, would swing up io positivo valuos of pg'/pg! 
if data at lower Reynolds nuibers were available at tis Маса nubere 

Ref. 2 presents sono i: act pressure data versus che „parameter 
M/Re for a source=shaped probe, which is found in Ref. 1 io have cone 
siderably different viscous cuüsrocteristios than those of Туре Inn 
this report. Horeover, no results with the paruneter 11/Re axe given in 
Ref. 1. Consequently, it is difficuit to reach any definite conciusions 
regarding the suitability of the parameter 0 /а ^^ М/Пе. ilowever, a few 
conversions of data from Fef. l at a nominal líach nuiber of 2.5 indicate 


very little to substantiate a favorable comparison. 
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A theoretical development w.iich predicts a viscous correction 
for inpact pressure in a supersonic, continuum, viscous flow is con= 
tained in Ref, 5. he analysis assumes a stagnation Line flow through a 
normal shock wave and includes the viscous effects in the subsonic flow 
field by means of a boundary layer theory. The theory developed predicts 
that the pressures sensed by an impact probe in a viscous fluid will 
always be larger than the pressure so obtained in a non=viscous fluid. 

This theory is at variance with the experimental results recorded 
in the present investigation but is in agreenent with previous 
investigations at lower Mach numbers, at particular ranges of Reynolds 
numbers, and with certain other probe geonetries. It appears, therefore, 
that the theory is only valid for certain probe geometries, over 
particular Hach number and Reynolds number ranges. 

Another theoretical analysis, contained in Ref, 8, is based on 
entropy rise and the related energy dissipation behind a detached normal 
shock wave, ‘ihis development predicts that measured impact pressures in 
a Viscous, supersonic flow are less than tae ideal non-viscous impact 
pressure, For the range of Mach mmbers amd Reynolds nunbers of the 
present experinental invostigation, it appears that this theoretical 
analysis more closely describes the physical phenomenon, 


В. TotaleTemerature Probe Calibration 


1, Initlal Calibrations for Comparison of Probes A and В 


. The initial calibrations were conducted at a constant total 
temperature of 225°F, The choice of this tenperaturo was based on two 


considerationss it was sufficiently high to avoid condensation of 





zn 


сопзі епіс of the air in the wind tumel test section, and it could be 
naintained over the entire operational range of reservoir pressures. 

Over the range of test conditions, the Hach number tended to decrease 
Slightly with decreasing reservoir pressure and increasing reservoir 
temperatures This Mach nuber variation was due to unavoidable variation 
of boundary layer thiclmess in the nozzle, Test comitions for those 


initial calibrations are summarized as follows: 


p, (psia) = 1467 to 9.7 
Re/inch = 30,800 to 213,000 
И ч 5.5 to 5.0 


Primary results of these calibietions are presented in Fig. 17. 
The variation of temperature recovery factor with Reynolds nunber is 
plotted for the two probes, The Reynolds numbers refer to free strean 
conditions and are based on the outside diameter of the entrance to the 
probe, Adiabatic flou Zro the temperature probe located Just ahead 
of tiie nozzle throat to the total temperature probe in the test section 
was assuned, 

The over-all shape of the two calibration curves is similar, 
However, the recovery factor for Probe B is considerably lower than that 
for Probe A, This difference can be partially attributed to the smaller 
entrance diameter of Probe Bẹ Evidently, the smaller diancter snieid 
allows more conduction and radiation losses from the stagnation streamline 
than does the larver shield. In addition, the shield on Prove В is 
somewhat longer than that on Probe A. The increased shield lonvyth is 


also conducive to nore heat losse The length over diameter ratios cf the 





thermocouple wires for the two probes are essentially „ho 826, Hence, 
it would be expected tat the conduction loss through tho ti.cmocouple 
Wires Would be approximately tne same for the two probes. 

In view of the relatively poor performance of Prove B, no 
additional calibrations were made of this temporature probe at other 
reservoir tenperatures; instead, only probe A was used for more oxtensive 


calibration analysis. 


2. Extended Calibration of Probe A 


In addition to the initial rm at a constant reservoir temperature 
of 225°F, Probe A was also calibrated at total temperatures of 200°F and 
260°F, over the complete operating range of reservoir pressures, Tus, 
three sets of data were recorded for essentially іле вае голаю о? 


Reynolds numbers and Hach nunber, which were as follows: 


Re/inch = 30,800 to 213,000 
M . 5,5 to 5.5 


тре results of the calibration of Probe A are contained in Figs. 
18, 19, and 20, Temperature recovery factor is plotted versus tie three 
differe.t parameters, Re, Пи, а] ^ іл en attempi to investigate the 
effeot of total-temperature variation at constant Mach nınber, However, 
for the limited total-tenpereture range available, any effect on the Re 
and Nu curves due to change in total taiperature is not distinguishable 
within the nomal scatter of experimental data as seen in Figs. 16 and 
19. This is sonewhat at variance with data presented in Ref. 11, where 
it was found that for Reynolds numbers below 20,000 the calibration 


curves for different total temperatures began to diverge quite appre- 


at 


clably and continued to divorce with decreasing Reynolds mmber, Sane 
of this discrepancy rey be accowmted for by the fact tat in Ref. 11 
tre total te:perature changes were creater and, therefore, the diver= 


sences more readily detected. 


Je Suitability of Parameters for Presenting Temperature: 
Recovery Factor Calibrations 


The ideal paramcter to use in plotting a calibration curve is 
oñe that would yield a single curve valía over a considerable range of 
flow conditions, Results of this investigation indicate that for a 
constant Mach number, either the free strean Reynolds number or the 
Nusselt number based on flow conditions inside the probe and on themo- 
couple wire diameter produces a single curve, It is difficult, however 
to justify theoretically the significance of these parameters in this 
respect and they could not be expected to retain this property for 
variable llach numbers, 

From a consideration of a simplified theory of heat transfer and 
the assurmtion that heat losses other than conduction through the 
the mocouple wires are negligible, it would appear that the recovery 
factor, when plo‘ted versus Mu” (defined by Eq. 10), should te invariant 
with total temperature and free strean Mach number, The theoretical 
analysis in Anpendix A indicates the significance of the parmieter 
№ К/К w:ich is proportional to Nut, this factor of proportionality 
being constant for a given probe roonetry, 

Referring to Fig. 20, it is seen that the use of this parameter, 


Mu”, does not yleld a single calibration curve as effectively as does 


Fes 


trat of the other two paraneters considered. It thus appears that the 
assunptions made in Appendix A are perhaps oversinplified and do not 
provide an adequate analysis for the temperature probe used in this 
investigation. It is believed, however, that for variable free stream 
Mach numbers, this parameter would prove superior, In Ref, 1l, a 
single calibration curve was actually obtained for a variety of 
different total temperatures, Keynoids numbers, md Mach numbers, 
using the paraneter Nu k,/l¢,, which is, as mentioned previously, pro- 
portional to what is defined here as Mu*, 

It should be noted that the Nusselt nunber of the flow within a 
given probe geonctry is particularly convenicnt to use, the only data 
needed are the total tenperature and the imaot pressure, 


Ve CONCLUSIONS AD ЯТҮСОг27”1ЇРАТТОЛ5 


The results of the impactenressure phase of thia investiration 
provided tie following evidence as to the interpretetion cf uessured 
impact pressures at a nominal Mach nunver of 5,6: 

(2) Viscous effects on impectepressure measurenents are 
encountered at Reynolds mmbers as high ав 6000. езе e^focts aro guch 
as to cause the noasurcd immact pressure to read lower than prodictod 
by the Rayleigh formula, 

(2) Within the range of this investigation, t.ese viscous effects 
increase with decreasing Reynolds number, and at a Reymelds mriber of 
425 the measured impact pressure is appracinately 2.5 per cent lowor 
than that predicted by the Rayleigh fomula, 

(3) A comparison with previous investigations at lower Hach 
nusbers indicates that tiese viscous effects have a definite dependence 
on Mach nunber as well as Reynolds number, 

(L) The flattened-end type of probe is nore sensitive to the 
effects of viscosity tim is the sharp-lipped circular typo. 

the results of the total-temperature phase of this investi- 
gation for a nominal Mach number of 5,6 and a reservoir te-=perature range 
of 200°F to 260°F are as follows: 

(1) A comparison of two totaletennernture probes indicates that 
the themaocouple siield with the larest entrance diameter and tie 
shortest distance fron its entrance to the thermocouple has the best 
temperature recovery factore 

(2) For the rango of reservoir temperatures investirated, a 


Single calibration curve has been obtained using either tie Reynolds 


2p 














nunber of the free stream based on tho pro’e etitrance outside diameter 









or the Nusselt number of the flow inside the probe based on tt.emocoupl 





wire diameter. 

lt appears highly desirable that tis impact“pressure investi- 
gation should be extended to higher Mach numbers and lower Reynolds 
numbers, since both of these variations tend to increase the vi: cous 





effects. In acdition, it seems desirable to extend the total<tom 
|" Anvestigation to higher lac 
wider range of reservoir tenperaturos. 





numbers, lower Reynolds nunbers, and ‹ 
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APPZMDIX A 


TEIPERATURE ERROR AT A THERMOCOUPLE JUNCTION 


DUB TO CONIUCTION Ill THE THE.MOCOUPLE WIRES 


If it were possible to bring a fluid stream to rest adiabatically 
' at a tiermocouple junction, the kinetíic ener; y of the stream would be 
completely recovered, am the fluid temperature at the junction would be 


the total temerature, T With an actual temperature probe, it is 


o° 
impossible to achieve absolute adiabatic doceleration of the flow to stag- 
nation, As the temperature of a fluid ela@ent in the stagnation strean- 
line increases above tho static temerature of the free strean, thore is 
a loss of heat from the samplo due to conduction of heat through tho gas 
in addition to radiation and convective heat tmnsfor to the probe 

shield. 

However, according to Ref, 18, the heat loss due to non-adiabatic 
flow along the stagnation streanline and the heat loss from the themo- 
couple junction by radiation are considered to be relatively small com- 
pared to the heat loss from the junction by conduction through the 
thermocouple wires, Consequently, for this analysis, only the heat 
loss due to conduction through the themocouple wire is considered. 

To evaluate this effect it is assuned that there exists a unifom fluid 
temperature, То» along the bare thermocouple wire and that there is a 
negative temperature gradient from the ‘hemocouple junction to the base 


of the wire, It is also assumed that the temerature of the wire is 


constant at any cross section, 





Lo 
Цэ 


Junction 





Wire Support 


Referring to the above sketch, e tenperature of tio wire ej 
А, Тр must be groater than the tenpexatwe at B, Tp in order for hoat 
фо flow fron A to В» Also, (47/0х) д 7 0 Бу symetry, and the velocity 
inside the probe, uy, is ansumed small so that (ч, 2) /(25 4 0, 15) < < 1. 
Considering an elment af wire of length dx, the heat "d Ч» 


through the wire at a given cross section is 


2 
d ТЇ 
a (e Lá (4-1) 
where х, is the coefficient of tiermal conductivity of the wire, Ten 


at a point a distance, dx, from the given cross section the heat flix is 


given by 


2 
940 з « ТИ Lo a 1-4. (А-2) 





3, 


and the incrosent of heat flux in бсо olesont of wire of length dx is 


Q o_o у Ф In, 2 (4-3) 


Yow consider the heat flux from the fluid to the wire tirowh 


the surface of the wire element, ‘This may te written 


а = (T, - Tj) hw d, dx (4-1) 


where То is the stagnation temperature of the fxd, T(x) is the local 
temperature of the wire; ma h is the convective heat transfer coefficient 
which includes the combined effoct oÆ comduction through tie fila апа 
convection in the fluid, This coefficient is asswed to be cmstnat 
over tho length of the wile, 

Мон, for equilibriu conditions to exist in the wire, the heat 
flux through the surface must equal the diancge of heat flux along the 
— n wire, Thus, the resulting differential equation is 


ай, 
SH e tio + о 
It is convenient now to introduce the Nusselt number, in the fom 
Nu 9 h auk. | (Леб) 
were ky is the coefficient of themal conductivity of the fluid. Then, 


g 
denoting the cross soctional area of the wire by A, Eq. (A-5) becones 


d? 7, 


К. 
үл - Май et ro аг 








The general solution of this diTTereastinl orvation ¿s 


1, + To a ғ y PX + Co в? Х (А-5) 


where 


В = м (к/к) (Аа) (449) 


юм, АГ the boundary conditions are applied 
Т. е Т 
$t te (4-10) 


e * 6 
aud 


(To - Тр) сові В х 


з” RT чиг 


where ^ is tie lengúna of wire beweoen points A and 3 in we proviow 
Sketen. Av tio Qiezocouple junetion, x = O, ty = Ty', and Iq. (4-11) 
becanes 
14-1 
| ! о Б 
еф. v Тат a 
The energy cquation for adlabatic, frictionless, steady flow of a 


perfect gas may be written 


2 
T e» са u \ 


and by the use of the definition of the tenperature recovery factor, r, 


at the thermocouple junction, this equation becomes 


(A=) 


T. T > mue 
$ "B 25 J 6, 












whore Го 3s the temperature recovery faetor of the thermocouple ba е: 


(Point B), 
РЧР" 
Combining Eqe. (А-22), (А-Ш), and (A-15) yields te follows | 


"че 





oxpression for recovery factor 






гед = 


SELY 








u 


It is clear that for a given probe geomtry, г = (гр, В), меге B is 





defined in га» (4-9). ‘Thus, the sigiificanos af the parameter 
f ‚ (К/К) са. to easily seene 


Бие ы 2 
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APPRGDI.. D 


ACGURACY AJALYSIS OF EXPERTIE/ TAL DATA 


The nagnitude of tne random errors @icountered were estinated by 
considering the reproducibility of the ouservations, the sensitivity of 
the scale, and the associated reading orror, For tho experinentally 


measured cuantities, these estimated errors are as follows: 


Measurement Estimated Mascirmm Error 
Static pressure - p $0.2 nm, of silicone 
Impact pressure = рой 20,5 rm. of silicone 
Reservoir pressure = ро less than 0.5% 


Reservoir temperature - Tg 320 
Thermocounle voltage 20,01 micro volt 


Impact tube dimension d,h 2.0005 inch 


The ideal impact pressure wes obtained by an extrapolation 
procedure as oxplained in Section III. ‘the estinated mximm probable 
error in the extrapolated value of impact pressure is 40.5 mm. of 
Silicone, This estimted value was determined as a result of a 
graphical study of the extropolation curves, 

The accuracy of the computed values, based on both estinated 
errors in the individual measurements and tke errors fron the use of 


grapis, tables, etc., is as follows: 
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